Introduction
In the boreal summer half of the year there exists in the upper troposphere of the Eurasian subtropics a huge high pressure system centered over South Asia southwest of the Tibetan Plateau (TP), which was formerly known as the Tibetan High (Ye and Gao 1979) but is now referred to more frequently as the South Asian High (SAH). The center of the climate mean SAH first appears in April over the South China Sea (SCS) before the onset of the Asian summer monsoon (ASM) (Liu et al. , 2013a ; it then gets strengthened over the Indochina Peninsula during the AMS onset, which continues for more than 1 month from the end of April/early May over the Bay of Bengal (BOB) region until the end of May/early June over North India (Wu and Zhang 1998; Wang and Lin 2002) ; and finally it settles over the climate mean region until autumn. The SAH is in fact the strongest and steadiest circulation system besides the polar vortex in the upper troposphere of the Northern Hemisphere (Mason and Anderson 1963) . The geographic location of the SAH's center varies at different timescales ranging from a few days (Tao and Zhu 1964) to Abstract The upper-troposphere-temperature-maximum (UTTM) over South Asia is a pronounced feature in the Northern Hemisphere summer. Its formation mechanism is still unclear. This study shows that the latitude location of the upper-tropospheric warm-center (T) coincides with the subtropical anticyclone, and its longitude location is determined by the zonal distribution of vertical gradient of heating/cooling (Q z = ∂Q/∂z), which is different from the Gill's model. Since both convective heating and radiation cooling decrease with height in the upper troposphere, the heating/ cooling generates vertical northerly/southerly shear, leading to a warm/cold center being developed between heating in the east/west and cooling in the west/east. The location of the UTTM coincides with the South Asian High (SAH) and is between a radiation cooling in the west and the Asian-monsoon convection heating source in the east. The UTTM is sensitive to this convective heating: increased heating in the source region in a general circulation model causes intensification of both the SAH and UTTM, and imposing periodic convective heating there results in oscillations in the SAH, UTTM, and vertical motion to the west with the same period. Diagnoses of reanalysis indicate that such an inherent subtropical T-Q Z relation is significant at quasi-biweekly (Krishnamurti 1973; Yanai 1983, 1984; Liu et al. 2007; Peng et al. 2014 ) and even longer (Zhang et al. 2002) . The activities of the SAH are closely linked to local weather variation and have been used as an index for short-to medium-range weather forecasts in Asia (Ye and Gao 1979) .
How the gigantic SAH is formed and maintained has long been a subject of interest to meteorologists. Strong summer heating over the TP was once considered a major contributor to its formation (Flohn 1957; Yeh et al. 1957; Yanai et al. 1992) , and the strong latent heat release associated with the ASM was later shown to have important impacts on its maintenance (Chen 1985; Liu et al. 2001 Liu et al. , 2013b . and Wu et al. (2009) found that the summertime circulation configuration in the subtropics is a consequence of the atmospheric response to an organized continental-scale quadruple diabatic heating (LOngwave radiation cooling, surface SEnsible heating, COndensation heating, and Double dominant heating; called LOSECOD), together with local-scale sea breeze forcing and regional-scale mountain forcing. In this regard, the huge and strong SAH is due mainly to the large longitudinal span of the Eurasian continent and the large size and high elevation of the Iranian Plateau and the TP along the subtropics.
Another spectacular phenomenon in the upper troposphere of the subtropics in summer is a remarkable warm temperature maximum. Using a 14-year dataset, Li and Yanai (1996) analyzed the horizontal distribution of the mean temperature in the 200-500 hPa layer in summer and found that "a huge warm air mass is centered on South Asia with the maximum temperature (≥−22 °C) over the southern TP." Though there are numerous studies on the formation and variation of the SAH, there are a lot fewer studies on the formation of this upper-troposphere-temperature-maximum (UTTM). Tamura et al. (2010) found an abrupt temperature increase in the upper troposphere southwest of the TP during the early ASM monsoon onset from late April to mid-June, and suggested that this was due to local adiabatic warming that was closely associated with the anomalous Hadley circulation. Several proposals have attributed the formation of the UTTM to various external thermal forcing. Early investigations emphasized the importance of the thermal forcing of the TP (e.g., Yeh et al. 1957; Flohn 1957; Hahn and Manabe 1975; Ye and Gao 1979) . Based on ECMWF TOGA analyses on a 2.5° × 2.5° grid from 1985 to 1992, Yanai and Li (1996) demonstrated that in the boreal summer months the maximum vertically integrated heat source 〈Q 1 〉, moisture sink 〈Q 2 〉, and minimum OLR flux are all located in a region stretching from the southern TP to the northern BOB, indicating the importance of monsoon condensation heating in the development of the warm center.
Another proposal concerning the location of the UTTM is based on local vertical coupling: the precipitating convection over North India thermodynamically couples the upper troposphere to the air of the highest entropy subcloud layer so that the "thermal forcing of continental India is important in setting the location and amplitude of the UTTM" Kuang 2010, 2013) . However, the statistical-equilibrium theory (Emanuel 1991; Emanuel et al. 1994) links the change in the subcloud-layer entropy θ e to the change in the thickness (virtual temperature) of the convective layer bounded between the free and lifted convection levels, rather than the entropy and temperature themselves. The thickness was defined from the convective cloud base to the cloud top extending through most of the troposphere, which is between 150 and 800 hPa over North India in the observation (Fig. 2 in Boos and Kuang 2010) , and is different from the UTTM layer, which is in the upper troposphere between 400 and 200 hPa. Furthermore, convective diabatic heating in the tropics is substantially balanced by adiabatic cooling as well as longwave radiation cooling (Sardeshmukh and Hoskins 1985; Rodwell and Hoskins 2001) . Therefore, can the convective heating over North India locally couple the UTTM to the high subcloud entropy? If not, what is the mechanism responsible for its formation and variation? These are challenging issues in monsoon dynamics. In this study, we will investigate the general configuration of the SAH and UTTM and analyze their relation with external diabatic heating and the associated mechanism based on data diagnosis, general circulation numerical experiments and dynamic analysis. The rest of the text is organized as follows: Sect. 2 presents the latitude locations of large-scale tropical monsoon systems, including the SAH, UTTM, surface entropy, and monsoon convection. The intrinsic coherent structure among these systems is analyzed based on the geostrophic and thermal wind balances and axisymmetric monsoon dynamics. The longitude location of the UTTM in relation with the vertical gradient of diabatic heating, the so-called T-Q Z (Q z = ∂Q/∂z) relation, and the associated mechanism are discussed in Sect. 3. Such a newly established T-Q Z relation is compared to the Gill's (1980) model in Sect. 4. In Sect. 5, time dependent numerical sensitivity experiments are used to verify the rendered mechanism. The implication of the results for the observed regional climate change is explored in Sect. 6. Discussion and conclusion are presented in Sect. 7.
Latitude location of the UTTM
The observational monthly datasets used in this study are derived from ERA40 datasets (Uppala et al. 2005) . The summer climate equilibrium state is indicated by climate variables averaged for the June-July-August (JJA) period from 1979 to 2002. For precipitation, the PREC/L data (Chen et al. 2002) are applied.
In summer in the upper troposphere over the Asian monsoon area, a zonal belt of high geopotential is located between 15° and 35°N, and its magnitude increases with height ( Fig. 1a) . At 400 hPa, regions higher than 760-dgpm (green) appear over the western Pacific and above Saudi Arabia, while a weak subtropical ridge just emerges in the region to the south of the TP and north of the BOB. At 200 hPa, the unique SAH becomes prominent, with the 1,249-dgpm contour covering the entire Eurasian subtropics. The area encircled by 1,254-dgpm is seated from the Arabian Peninsula to the southeastern TP, with its ridgeline located along 26°-28°N and its center shifted westward compared to the weak ridge at 400 hPa. A warm region of the 200-400 hPa mass-weighted mean temperature is located along the latitudes between 20° and 35°N, forming the UTTM, with its elliptical center warmer than 246 K, ranging from 60° to 100°E above Afghanistan, Pakistan, North India, and the southwestern TP. Here we take the average temperature from 200 to 400 hPa, not 500 hPa, to obtain the upper troposphere mean temperature, because 500 hPa is close to the surface of the TP and the temperature distribution at this level is strongly affected by the ground surface heating of the TP (Fig. 5 of Yanai et al. 1992) . While the ridgeline of the SAH tilts northward slightly with increasing height, the elliptic long axis of the UTTM coincides well with the upper-layer SAH axis, in agreement with the fact that the axis of subtropical anticyclones always tilts toward warmer regions with increasing height .
Can the formation of this UTTM be attributed directly to the vertical coupling of the local convection with high surface entropy over North India? For this, the spatial pattern of UTTM should be in good coordination with high surface entropy and strong vertical motion. However, this is not the case in the subtropics, as demonstrated in Fig. 1b : the climate-mean maximum air ascent (green shading) is observed over the southern slope of the TP and South China in the subtropics, and over the eastern Arabian Sea (AS), the eastern BOB and western Indochina Peninsula region, and the SCS in the tropics; while the high surface entropy (purple stippling) appears mainly over the northern AS, northwestern BOB, and northern SCS in the tropical oceans, and over northern and northeastern India. It is interesting to see that over the ocean region of the AS, BOB, and SCS, high surface entropy is located just to the north of strong ascent (rainfall), in good agreement with the axisymmetric theory (Prive and Plumb 2007a) . However, over the northern Indian subcontinent, high surface entropy is accompanied by descent (orange shading) over the west, but ascent over the east, with the high surface entropy appearing between the two strong ascents located respectively to its north and south, presenting a surface circulation-driven east-west asymmetry of the monsoon by suppressing moist convection to the west, while encouraging rainfall in the east (Xie and Saiki 1999; Wu et al. 2009 ). Within the 246 K UTTM contour, while the northeastern part is characterized by strong ascent and lower entropy, its southwestern portion features descent and high entropy. In ), ridgeline (black dashed line), and temperature deviation from the (40°-160°E, 0°-50°N) area mean (red contour, interval: 5 °C) the existence of such a highly asymmetric geometry over North India and the southwestern TP, the limitation of the axisymmetric theory is evident, as was discussed by Prive and Plumb (2007b) .
To illustrate the general features more clearly, a latitudepressure cross section of the diabatic heating and adiabatic cooling, averaged over the longitudinal span of the UTTM (60°-100°E), is calculated and presented in Fig. 1c . The main diabatic heating Q [shading, calculated from (10)] is over the tropics around 10°-20°N and over the southern slope of the TP, corresponding respectively to the southern and northern branches of the South Asian monsoon (SAM; Wu et al. 2012a ). These two heating maxima are basically compensated for by local adiabatic cooling [dotted curve, the ω term in (10)] associated with local air ascent, as was demonstrated by Rodwell and Hoskins 2001) . On the other hand, the UTTM is seated in a region just between the two maximum heating centers, and the vertical motion is weak in this region. Shown in Fig. 2 , black) for (a) 0°-60°E mean; b 60°-90°E mean; and c 90°-130°E mean. The black dashed line indicates u = 0 velocity (black) and surface θ se (blue) in different sectors in South Asia. It reveals the following common features in all sectors: the maximum surface entropy is associated with easterly shear in the upper troposphere, the maximum surface entropy is located to the south of the UTTM, and the UTTM is seated by the ridge line of subtropical anticyclone where u vanishes. The overlapping of the UTTM and the ridgeline is subject to the following geostrophic balance, hydrostatic balance, and thermal wind relation:
where f is the Coriolis parameter, u is zonal wind, φ is geopotential height, y is the meridional coordinate, and p, T, and R denote pressure, temperature, and the gas constant for dry air, respectively. Then higher geopotential along the SAH in the subtropics implies the occurrence of a westerly to its north and an easterly to its south, with vanishing zonal wind along its axis (1). The higher geopotential along the ridgeline also implies a thicker layer beneath corresponding to a warmer layer below (2). On the northern side of the SAH the increasing westerly flow with height corresponds to a warmer region situated to its south, whereas on the southern side of the SAH, the increasing easterly flow with height corresponds to a warmer region situated to its north (3). In other words, the UTTM must be located along with the SAH in the upper troposphere. As demonstrated in Fig. 1a , the area of the 200-400 hPa mass-weighted temperature warmer than 245 K is elliptical and spans from 50°E to 110°E, with its long axis coincident with the ridgeline of the subtropical anticyclone at 200 hPa.
Why should the SAH and the UTTM be located in subtropics? How the high surface entropy, the SAH and the UTTM are allocated in such a manner as shown in Fig. 2 ? A series of study (Schneider and Lindzen 1977; Schneider 1977 Schneider , 1987 Held and Hou 1980) on the dynamics of the Hadley circulation demonstrated that in response to an axisymmetric diabatic heating, the atmospheric circulation adopts two distinct regimes: the thermal equilibrium (TE) regime in extra-tropics and the angular momentum conservation (AMC) regime in the tropics. In the TE regime the planetary vorticity is large and the Rossby radius of deformation is small, a weak forcing cannot generate meridional circulation. Whereas in the AMC regime the planetary vorticity is small and the Rossby radius of deformation is large, a relatively weak forcing may overcome the in situ planetary vorticity and produce a meridional circulation. Plumb and Hou (1992) further studied the axisymmetric atmospheric response to an off-equator external forcing centered at 25°N
(1) fu = −∂φ/∂y
and identified the regime transition from the TE type to the AMC type. They found that for a stronger forcing the relative vorticity becomes significant and the absolute vorticity may vanish, then the atmospheric response takes the AMC form, forming a thermally forced tropical monsoonal flow. Corresponding to this monsoonal meridional circulation with a cross-equatorial southerly in the lower troposphere and a reversed northerly in the upper troposphere, a vertical easterly shear presents in tropics. Such a background is in favor of the development of large-scale ascent since absolute vorticity advection increases with height
Consequently convection can develop where the surface entropy is high. The cumulus friction of the tropical convection in return can further strengthen the easterly shear with height in the upper troposphere Lindzen 1976, 1977) . Furthermore, the easterly in the upper troposphere implies a temperature/ geopotential height increase with increasing latitude. On the contrary in extra-tropics, the temperature is in local TE and decreases polewards together with decreasing geopotential height. Consequently, a horizontal temperature/geopotential-height gradient reversal appears in the subtropics where the UTTM and SAH are located, just to the north of the surface high entropy and tropical convection.
Longitude location of the UTTM and vertical gradient of diabatic heating
In extra-tropics the zonal distribution of temperature is connected with the vertical shear of meridional wind v, subject to the following thermal wind relation
Since the vertical shear of meridional wind from 400 to 200 hPa is negative to the east of the SAH center and positive to its west, according to (4) the maximum temperature in the 400-200 hPa layer should be located near the SAH center, as shown in Fig. 1a . The above analyses thus show that the center of the UTTM is coincident with the center of the SAH aloft. In other words, the SAH is a warm entity in nature. Now the problem becomes where in the subtropics the SAH and UTTM should be located.
Since the latitude location of the UTTM coincides with the SAH, and since in the subtropics u ≈ 0 and ∂ζ/∂y ≈ 0, the relative vorticity advection is negligible there. At a steady state and in a frictionless atmosphere the vorticity generation in the subtropics due to diabatic heating should be balanced by planetary vorticity advection (Liu et al. 2001 ):
where β = df/dy, θ z =∂θ/∂z, ζ is relative vorticity, θ is potential temperature, g is acceleration of gravity, and Q is the diabatic heating. Assuming the following variable scales in the upper troposphere ):
Then the orders of magnitude for the three terms on the right-hand side of (5) , and 10
. This implies that the vorticity generation induced by horizontally inhomogeneous heating is at least one order of magnitude smaller than that due to the vertical heating gradient. Thus, the relation between meridional wind and the vertical gradient of diabatic heating Q can be well expressed as the following Sverdrup balance (Liu et al. 2001): where in which H is the scale height of the atmosphere. Taking the derivative of (4) with respect to x and substituting (6) into the resultant equation leads to:
Since the domain under consideration is in the upper troposphere in the subtropics, in deriving (7) the local vertical variation of
is neglected. Thus the parameter γ can be considered a constant along the x axis. Assume normal mode distributions for both diabatic heating Q and deviation (from zonal mean) temperature T:
Here, H Q is the characteristic height of diabatic heating Q, T 0 is the amplitude of temperature, and L is the characteristic horizontal scale of the temperature center. Substituting (8) into (7) leads to the following T-Q Z relation between the temperature and the vertical gradient of diabatic heating Q:
Solution (9) indicates that in the subtropics, the maximum temperature is on the west/east of diabatic heating/ cooling Q for a quarter of a wavelength, and the minimum temperature is on the west/east of diabatic cooling/ heating Q for a quarter of a wavelength. The stronger the heating and the larger of the longitudinal scale of the temperature, the stronger the deviated temperature center. Figure 3 shows the climate mean July-distributions of the 200-400 hPa averaged air temperature T and diabatic heating Q in the northern hemisphere. The calculation of Q in this study is from the expression of apparent heat source (Yanai et al. 1973) as follows:
where Q 1 is the apparent heat source, c p is the specific heat of air at constant pressure, p 0 is 1,000 hPa, k = R/c p , and ω is vertical velocity in the p-coordinate. Figure 3 shows that two warm centers are located over the Eurasian (Fig. 3a) and North American (Fig. 3b ) continents, with their long axes being coincident with the local ridgelines of the subtropical anticyclone. Diabatic heating and cooling are respectively located to their east and west, and the much stronger warm center over Eurasia than over North America is accompanied with much stronger heating and larger longitude span, in agreement with the T-Q Z relation (9) just developed. Two cold centers are located over Northern Pacific and Northern Atlantic (Fig. 3a) . Due to the existence of the upper tropospheric trough over ocean in summer, the ridgeline is broken over the eastern ocean. Even so, the cold trough over ocean is accompanied with heating in its west and long wave radiation cooling in its east, closely subject to the T-Q Z relation.
Let us focus on the UTTM. Figure 4a shows the distribution of diabatic heating Q for the upper troposphere , shading). Heavy black curve indicates where u = 0, and ∂u/∂y > 0 1 3 averaged between 400 and 200 hPa. Along the latitude belt of 26°-28°N where the ridgeline of SAH is located, the positive/negative heating is located to the east/west of 70°E, with the heating maximum appearing near 90°E. The heating in the east is due to monsoon condensation, and the cooling in the west is longwave radiation cooling, in good agreement with the summertime LOSECOD heating pattern in the subtropics (Wu et al. 2009 ). The corresponding temperature distribution along 26°-28°N calculated based on (9) demonstrates a positive phase to the east of the cooling and west of the heating maximum, spanning between 60° and 90°E (Fig. 4b) , in good correspondence with the observed 246 K contour of the UTTM as shown in Fig. 1a . The vertical-longitude cross section of the temperature distribution averaged along the latitude belt of 26°-28°N as presented in Fig. 4c demonstrates that despite the unevenness of the heating near 90°E, the calculated temperature (contour) and the temperature retrieved from the ERA40 reanalysis (shading) are generally in phase and both exhibit westward tilting with increasing height. In the upper layer between 300 and 120 hPa, the UTTM denoted by the positive temperature deviation is located between 50° and 110°E in both the calculation and reanalysis. The calculated temperature anomalous center is 1.5-2.0 °C, which is also close to the reanalysis (>1.5 °C).
There is a phase difference between the calculated temperature and the temperature obtained from reanalysis in the layer below 300 hPa. Particularly at 500 hPa, the "observed" warm maximum is over the TP centered at 90°E, whereas the calculated warm maximum is located to its west, centered near 75°E. This may be due to the strong impact of surface sensible heating, since diffusive surface heating can directly warm up the in situ atmosphere (Luo and Yanai 1984) so that Q and T are in phase there, indicating the limitation of the T-Q Z relation in the lower troposphere. Such phase shifting decreases with increasing height. At 300 hPa the calculated UTTM center is located at 70°E, which is shifted westward by about 10° of longitude compared to the reanalysis; at levels above 200 hPa it agrees well with the reanalysis. The distributions in the reanalysis of geopotential height and temperature deviations from their means at 40°-140°E (Fig. 4d) demonstrate that in coordination with the warm center, the deviation of geopotential height is positive in the upper layers and negative in the lower layers, indicating increased air column thickness. While the warm center presents westward tilting, the SAH axis also tilts westward with height. The SAH becomes well defined above 350 hPa, just above the warm center.
The primary cause of cooling being located to the west of heating over Eurasia is due to the continentalscale thermal forcing along the subtropics (Wu et al. 2009): in summer the atmospheric heating source is over continent while heating sink is over ocean. Along the subtropics, a heating generates air ascent (decent) in the east (west); whereas a cooling generates air descent (ascent) in the east (west). Consequently, in the upper troposphere the thermal forcing in summer generates air ascent to the east (west) and descent to the west (east) over continent (ocean), corresponding to the configuration with condensation heating being located to the east of long wave cooling over continent but to its west over ocean as demonstrated in Fig. 3 . It is worthwhile to mention that, while the convective heating on the east of the UTTM is strong and uneven, the cooling on its west is weak and relatively uniform (Fig. 4a ). This may due to the fact that, part of the longwave radiation comes from the response to the monsoonal convective heating to its east Hoskins 1996, 2001 ) and imply that the monsoon latent heating in the east is more active in forcing the UTTM.
The underpinning mechanism can be understood by the schematic diagram shown in Fig. 5 . Along the subtropical latitude belt where the SAH is seated, huge condensation heating occurs mainly over and to the east of the southern TP (blue upward arrow), with its maximum located in the middle troposphere close to 400 hPa. Positive/negative vorticity is thus generated in the lower/upper troposphere below/above the heating maximum [right-hand side of (6)]. Because the relative vorticity advection in subtropics is weak, negative/positive planetary vorticity advection in the lower/upper troposphere is required to maintain the atmosphere at a steady state [left-hand side of (6)], resulting in the local development of a southerly/northerly (black arrow) in the lower/upper troposphere Liu et al. 1999 Liu et al. , 2001 . Under the thermal wind constrain (4), such a vertical northerly shear over the monsoon convection region should be accompanied with a warm center on its west and a cold center on its east. Therefore the dynamics of the T-Q Z relation can be interpreted as follows: In summer along the subtropics where the relative vorticity advection is weak, the UTTM should be generated to the west of the strong Asian monsoon convection so that the vertical northerly shear of the meridional wind induced by the convective heating is balanced by the zonal temperature gradient, and the SAH is produced aloft. Consequently, the Coriolis force (fv < 0, orange arrow at 200 hPa) associated with the northerly flow in the upper troposphere above the convective heating is balanced by the eastward pressure gradient force (−∂φ/∂x > 0), and a new geostrophic and hydrostatic equilibrium state in the subtropics can be achieved.
A similar argument can be applied to the contributions of cooling (purple downward arrow) in the west to the UTTM. Over the subtropical western continent in summer, atmospheric heating is characterized as strong surface sensible heating in the lower troposphere but longwave radiation cooling in the upper troposphere Wu et al. 2009 ). Because surface sensible heating and longwave radiation cooling both decrease with height, according to (6) vertical southerly shear is generated in the west of the UTTM. Following the thermal wind constraint (4), the vertically averaged air temperature in the east of the southerly shear region should be warmer than that in the west, and the UTTM should develop in the eastern end of the cooling, as depicted in Fig. 5. 
Comparison of the T-Q Z model with the Gill's model
It should be pointed out that either the Gill's model or the T-Q Z model does not apply in middle and high latitudes. This is because in higher latitudes the Burger
is the Brunt-Vaisala frequency, H Q is a characteristic height of heating, and L = (u/β) 1/2 is the wave length of stationary Rossby wave) is small (B ≈ 10 −1 ) (Hoskins 1987) , and the thermodynamic equation takes an advection-limit approximation (Smagorinsky 1953 , and induces an eastward decreasing temperature gradient over the heated layer in the upper troposphere, forming the UTTM and the aloft SAH to the west of the heating. The vertical southerly shear over the western Eurasian subtropics, which is due to strong surface sensible heating and longwave radiation cooling (red downward arrow) in the upper troposphere, contributes to the occurrence of the UTTM and SAH on the eastern end of the cooling. The induced Coriolis force (fv, orange arrow) is in geostrophic balance with the pressure gradient force. Refer to text for details temperature advection becomes secondary and the relation between heating and temperature distribution is more complicated. In the following we will make comparisons between the Gill's model and the T-Q Z model just developed.
Consistency of the Gill's model with the potential vorticity theory
The Gill's model (Gill 1980 ) is a shallow-water equation model in the tropics and at the surface, which uses the equatorial beta-plane approximation and takes the following non-dimensional form:
In this model, (x, y) are non-dimensional distance with x eastwards and y measured northwards from the equator. The parameter ε represents Rayleigh friction as well as Newtonian cooling, and p is surface pressure. Q is defined as a "heating rate". The Gill's model has been successfully used in interpreting the tropical dynamics particularly in the lower troposphere. Can this model be directly used to study the subtropical dynamics in the upper troposphere? From (11) the following steady-state vorticity equation can be reached:
Comparing (12) with (6), one can find that Q in (11.3) is actually presenting a vorticity forcing source rather than a heating itself. Defining Q in (11.3) as a "heating rate" will lead to inconsistency with the potential vorticity (PV) dynamics if the vertical gradient of diabatic heating is of opposite sign with the heating itself. This is because, following the PV theorem (Ertel 1942; Hoskins et al. 1985; Wu and Liu 2000) , a vertical vorticity source is proportional to the vertical heating gradient ∂Q/∂z. For a heating that is increasing with height (∂Q/∂z > 0), the static stability of the heated layer is increased and positive vorticity is generated. Thus the vorticity forcing possesses the same sign as the heating, and southerly is induced in the heating region with low pressure located in the west of the heating following either (12) or (6). However, if the heating is decreasing with height (∂Q/∂z < 0), a negative vorticity is produced in the heating region because the static stability of the heated layer is decreased, and
a northerly is required to transport positive planetary vorticity for maintaining a steady state according to the PV relation (6). High pressure (warm temperature) thus develops in the west of the heating. Whereas in the Gill's model (11), the prescribed heating still produces southerly (12) with low pressure (cold temperature) developing in its west, which is opposite to the observation as shown in Fig. 3 and results in inconsistency with the PV theory. Similar argument can be applied to the case when a cooling source (Q < 0) is decreasing with height (∂Q/∂z > 0). Since both the vertically decreasing convective heating and vertically decreasing longwave radiation cooling occur in the upper troposphere, it means that defining Q as a heating rate may hamper the application of the Gill's model to the upper troposphere.
Applicability of the Gill's model in the upper troposphere
The above inconsistency can be overcome if the original "heating rate Q" in the Gill's model is replaced by a vorticity forcing source that is proportional to the vertical heating gradient ∂Q/∂z, and the modified Gill's model becomes equivalent to the following form:
In which (13.3) is the corresponding modified vorticity equation, which then becomes consistent with the PV dynamics (6). For a prescribed forcing ∂Q/∂z, there are three unknowns, i.e., u, v, and p. In such case, prescribing any inadequate solution for any unknown may lead to an incompatible set of equation. For instance, one cannot set u = 0 then employ this system to study the subtropical anticyclone system along the ridgeline because by doing so the equation set becomes a set of three equations with two unknowns. In other words, caution is needed when employing the original Gill's model to study the subtropical dynamics.
Another limitation in applying Gill's model in the upper troposphere is the existence of dissipation. In the frictionless T-Q Z model only meridional wind is generated over the heating (cooling) region in the subtropics, and circulation and temperature centers are produced right along the same latitude of the heating region. Due to the existence of friction in the Gill's model, southwesterly (northeasterly) is generated over the heating (cooling)
region, and cyclone (anticyclone) circulation is produced to the northwest of heating (cooling) source region. The strong friction and the extra Newtonian cooling impact (yεp/2) may generate too much positive vorticity (13.3) and too strong wind (13.1 and 13.3) in higher latitudes, and causing bias of the circulation response in higher latitude in the upper troposphere.
It is interesting to demonstrate that if the Rayleigh friction and Newtonian cooling are further removed from the modified Gill's model (13), the system becomes:
Such a non-dissipative system is thus equivalent to our hydrostatic and Sverdrup vorticity balanced system [formula (4) and (6)]. It can now be employed to investigate the subtropical dynamics even for a prescribed solution of u = 0. In such circumstances, the solution becomes
In the upper troposphere, the deep convective heating and longwave radiation cooling both decrease with increasing height. Solution (15) then indicates the development of northerly over a heating region and southerly over a cooling region, with high pressure (also warm temperature) being located between heating in the east and cooling in the west and low pressure (also cold temperature) being located between heating in the west and cooling in the east. These conclusions are in agreement with the solution (9) we just obtained based on the PV framework.
The above discussions demonstrate that for the original Gill's surface model to be consistent with the potential vorticity dynamics and applicable in the upper troposphere, two modifications are needed. One is to replace the "heating rate" (Q) in the original model version of the continuity equation by a vorticity forcing that is proportional to the vertical heating gradient (∂Q/∂z); and another is to remove or substantially reduce the momentum friction and Newtonian cooling.
Numerical experiments
To verify the proposed T-Q Z mechanism which is developed for a steady state atmosphere and see whether the change in the UTTM over North India can be attributed to the change in the monsoon latent heating to its east, a set of numerical experiments is designed using the time-dependent Spectral Atmospheric Model developed at IAP/LASG (SAMIL; Bao et al. 2010) , which can reasonably simulate the East Asian monsoon (Wu et al. 2012a; Bao et al. 2013) . A 10-year integration of the SAMIL is defined as the control run CON. Because the ridgeline of the SAH in CON is located around 30°N, which deviates from its counterpart in reanalysis (Fig. 1a) by about 3-4 degrees northward, a box over the Asian monsoon region bounded by 90°-120°E and 28°-32°N along the modeled SAH axis is selected as the forcing source region S for designing a sensitivity experiment SEN, as indicated in Fig. 6a . In this SEN experiment every setting is the same as in the CON run except that in the thermodynamic equation, an extra convective heating, which is characterized by a cosine vertical heating profile with a maximum of 3 °C per day located at 500 hPa, is added in the box region during JJA. Both the CON and SEN experiments are integrated for 10 years, and the results from the last 5 years are extracted for the comparison studies. This imposed convective heating results in increased rainfall of more than 1 mm per day in the source region and decreased rainfall of more than 1 mm per day to the west of the forcing (Fig. 6a) . Consequently, the local northerly at 200 hPa is enhanced, contributing to the intensification of the SAH to the west. This is similar to the result obtained by Schneider (1987) , who used a steady, nonlinear, inviscid, shallow-water equation model to study the low-latitude upper tropospheric circulation response to zonal asymmetric forcing and found that the upper tropospheric divergent northerly is generated over the forcing region (his Fig. 1b) . The time means of UTTM in July in the two experiments are presented in Fig. 6b . It shows that due to the enhanced heating in the box region, the areas encircled by the 244, 245, and 246 K isotherms in the SEN experiment (dashed contours) are all enlarged compared to their counterparts in the CON run (solid contours). The 28°-32°N averaged longitude-height cross-section (Fig. 6c) demonstrates the existence of an anticlockwise secondary circulation with strong air ascent over the source region, where intensified heating is imposed and air descends to the west of the heating region, which presents a Rossby wave response to the forcing as revealed in Rodwell and Hoskins (2001) . Below 300 hPa, the air gets warmer by more than 0.6 °C between 500 and 300 hPa to the east of 90°E due to direct convective heating. In the upper troposphere air warming of more than 0.4 °C appears to the west of 90°E. All these results are in good agreement with the analytical solution (9) and the data diagnosis presented in Fig. 4 , and justify the proposed T-Q Z mechanism as presented in Fig. 5 .
The response of surface entropy to the imposed extra monsoon latent heating is demonstrated in Fig. 6d . Despite the surface cooling in the east and warming in the west (Fig. 6c) , the surface entropy is increased to the east of 90°E but decreased to its west, with the maximum located over the northern tip of India. This suggests a moistening of surface air in the east and drying in the west, in good coordination with the increased rainfall and air ascent in the east and decreased rainfall and air descent in the west. Another sensitivity experiment PER is a perpetual July experiment that is based on the same SAMIL AGCM as used for the CON and SEN runs. However, the solar azimuth is fixed at July 15 throughout the integration, and a periodic thermal forcing term is added to the thermodynamic equation in the same box region with the same vertical heating profile as described for SEN. An amplitude of the maximum heating rate Q = 5 K day −1 at 500 hPa and a frequency ω = (60 day)
are assigned. Then the PER experiment is integrated for 4 years, and the results from the last 3 years (36 months) are retrieved for the following diagnosis. A wavelet power analysis and the corresponding significance diagnosis are applied to the 200-hPa geopotential height in the two experiments CON and PER in the forcing source region S (90°-120°E, 28°-32°N) and the response region R (70°-90°E, 28°-32°N). In the CON run, neither the forcing region S nor the response region R shows any apparent periodic oscillation (figures not show). However, in the PER run corresponding to the imposed periodic forcing, the wavelet power analysis at the 200-hPa geopotential height demonstrates that a significant 60-day oscillation signal exists not only in the forcing region S (Fig. 7a, b) , but also in the response region R (Fig. 7c, d ). Figure 8a presents the evolution of the normalized heating at 200 hPa in the forcing region S. The normalized geopotential height at 200 hPa, the temperature averaged between 400 and 200 hPa, and the vertical velocity ω-at 300 hPa in the response region R are also shown. In the S region the heating evolution demonstrates a restricted 60-day oscillation. In the response region R, the atmosphere demonstrates a well-defined and inherent 60-day oscillation too: in response to the positive/negative forcing in convective heating in S, in the R region there appear positive/negative geopotential height at 200 hPa, a warm/cold air center in the upper troposphere between 400 and 200 hPa, and air descent/ascent at 300 hPa. The correlation coefficients between heating in the S region in the east and the geopotential height, temperature, and vertical motion in the R region in the west reach 0.80, 0.67, and 0.57, respectively, exceeding the 99 % significance level (0.542). While the vertical air motion in the west responds almost concurrently to the forcing in the east, there is a delay in the response of temperature and geopotential height in the R region compared to the forcing in the S region (Fig. 8b) . The correlation coefficients between the forcing and the responding temperatures with a delay of 2, 4, 6, 8, and 10 days are, respectively, 0.63,
0.67, 0.68, 0.66, and 0.61. These results highlight the significance of the circulation response to the monsoon rainfall: an oscillating rainfall anomaly of the ASM in return can force a corresponding oscillation in the atmospheric circulation. To see the characteristics of the atmospheric circulation response to the exerted convective heating in the source region, we produce the composite crosssections averaged between 28° and 32°N of the zonal circulation and temperature deviation from their (40°-140°E) means for the warm phase, mean state, cold phase, and the difference between the warm and cold phases. The response structures for the delays of 2, 4, 6, 8, and 10 days with respect to the forcing are similar to those of the simultaneous response. The composite results of the simultaneous response are presented in Fig. 9 . The T-Q Z mechanism and the associated secondary circulation are prominent in all the zonal cross sections along the ridgeline of the SAH. In all phases of the oscillation, the area to the east of 80°E is characterized by air ascent, warm in the lower troposphere and cold in the upper troposphere. These are typical features of monsoon convection. The warmth in the lower layer is caused by the convective latent heating, and the cold in the upper layer is a consequence of the overshooting of deep convection (Wu and Liu 2000) . The upper boundary of the 2 °C warm region in the source region is located at 200 hPa in the mean case (Fig. 9 b) but is higher up in the warm phase ( Fig. 9a) and lower down in the cold phase (Fig. 9c) . In contrast, the area to the west of 80°E is characterized by air descent, warm in the upper troposphere and cold in the mid troposphere. The cold in the lower layer must be due mainly to radiation cooling, and the warmth in the upper layer corresponds to the UTTM as discussed above. The intensity of the UTTM is strongest in the warm phase (Fig. 9a) and weakest in the cold phase (Fig. 9c) . This implies that the circulation variation in the western region is tightly linked to the convective forcing in the source region to the east. As presented in Fig. 9d , the configuration ods (1991-2000) and (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) ) of a precipitation based on the PREC/L dataset (unit: mm day −1 ); b 200-hPa geopotential height (unit: gpm) and c the 200-400 hPa mass-weighted temperature (unit: K) based on ERA40 reanalysis. The solid and dashed curves in b and c denote, respectively, the 1981-1990 and 1991-2000 means of the difference is pretty similar to the schematic diagram ( Fig. 5) inferred from theoretical analysis. Because the forced diabatic heating was imposed to the east of 90°E, the separation between air ascent and descent is located by 90°E as well, again in good coordination with the results obtained by Rodwell and Hoskins (2001) . Results from these experiments depict a well-developed T-Q Z diagram and show that enhanced convective heating in the forcing region not only causes local tropospheric warming, but also forces a UTTM to its west.
Implication for regional climate change
During the last two decades of the twentieth century, summertime rainfall over South China has increased, due mainly to the weakening of TP thermal forcing (Duan and Wu 2008; Duan et al. 2011 Duan et al. , 2012 Liu et al. 2012b) . According to the above T-Q Z mechanism, the intensification of the monsoon rainfall in South China should exert significant influence on regional climate change, at least in the Asian monsoon area. Figure 10 shows the differences between the periods (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) and (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) ) of the JJA mean precipitation (a), geopotential height at 200 hPa (b), and the UTTM (c). Along the latitude band of 24°-30°N where the SAH is seated (b), there is increased precipitation to the east of 90°E over the southeastern TP and southern China, but decreased precipitation to the west of 90°E over northeastern India in the last decade of the twentieth century compared to the previous decade (Fig. 10a) . During the same period, the SAH is enhanced: the areas encircled by the 12,540, 12,520, and 12,500 dgpm contours at 200 hPa are all increased (Fig. 10b) . At the same time, the intensity of the UTTM increases, and its coverage expands remarkably (Fig. 10c) . The area encircled by 246 K is about double, and the areas encircled by 245 and 244 K are also enlarged, in good correspondence with the increased precipitation over the area to the east of 90°E. Figure 11 shows the climate changes in different elements in the ASM regions. For this purpose, the evolutions from 1981 to 2002 of JJA mean climate elements are produced in different monsoon regions, and a 5-year running mean smoother is applied to the original dataset to weaken the interannual signals. A careful scrutiny of these time series reveals that their changes are very well organized indeed and can be interpreted using the T-Q Z mechanism just developed. During the period 1984-2000, the sensible heating averaged over the TP (80°-100°E, 26°-36°N) decreases from 33 to 27 W m −2 (Fig. 11a) . Because the TP surface sensible heating is an important driving force of the East ASM Wu and Zhang 1998; Wu et al. 2007 Wu et al. , 2012a , the weakening of the TP forcing should result in a weakened low-layer southerly over East Asia, with intensified precipitation being confined to South China. Consequently, the monsoon rainfall in the source region S* (Pr_east: 90°-120°E, 24°-28°N) increases during the same period (Fig. 11b) . The source region S* defined here for reanalysis is shifted four degrees southward relative to the aforementioned source region S for modeling diagnoses because the ridgeline of the SAH is located by 26°-27°N in reanalysis, but by 30°N in the model, so there is a southward shifting of three to four degrees. As discussed above, the increasing latent heat release in the source region S* causes the intensifying SAH (Hgt_200, Fig. 11c ) and UTTM averaged between 200 and 400 hPa (Up_T, Fig. 11d ) to its west in the response region R 1 (70°-90°E, 24°-28°N). According to (6), the intensification of the monsoon in the source region should also cause a local increase in the northerly at 200 hPa (v_200 East, Fig. 11f ) and the southerly at 700 hPa (v_700 East, Fig. 11h ). Further westward in the response region R 2 (50°-80°E, 24°-28°N), the strengthening SAH and the UTTM should result in an increasing southerly at 200 hPa (v_200 West, Fig. 11e ) and a northerly at 700 hPa (v_700 West, Fig. 11g ) there, and the reduction of local rainfall as shown in Fig. 10a .
The applicability of the mechanism sketched in Fig. 5 to local interannual climate variability is also verified by calculating the corresponding correlation coefficients. For this purpose, the original datasets from ERA40 JJA mean climate elements are used, and the results are presented in Table 1 . The rainfall in the source region S* (Pr_east) is highly and significantly correlated with the UTTM (0.97), the SAH (0.94) in Region R 1 , and the meridional wind at 200 hPa in the source region S* (−0.95) and in the response region R 2 (0.67). These indicate that at an interannual timescale, anomalous monsoon rainfall can affect regional atmospheric circulation as well.
These results based on reanalysis data thus demonstrate that the different regional climate change or variation signals detected in different regions in Asia are dynamically well organized into a T-Q Z pattern as presented by the schematic diagram shown in Fig. 5 .
Discussion and conclusion
The classical dynamics has demonstrated that in response to an axisymmetric diabatic heating, the atmospheric circulation adopts two distinct regimes: the TE regime in extra-tropics and the AMC regime in tropics, and in the upper troposphere the maximum temperature and geopotential height should be located in subtropics. It is demonstrated in this study that the longitude location of the summertime upper-tropospheric maximum temperature is a consequence of the atmospheric circulation response to the atmospheric diabatic heating along the subtropics, and presents a T-Q Z relation: a warm temperature center is located between a monsoon heating in its east and a longwave radiation cooling in its west; whereas a cold temperature center is located between a monsoon heating in its west and a longwave radiation cooling in its east. A T-Q Z mechanism is thus delineated for the longitude location of the UTTM over North India: In summertime in the subtropics where the relative vorticity advection is weak, strong latent heat released by the Asian monsoon can generate a strong vertical gradient of diabatic heating, resulting in a vertical northerly shear in situ. The UTTM and the associated upper tropospheric anticyclone SAH aloft thus develop to the west of the latent heating so that the eastward zonaltemperature decrease matches the vertical northerly shear in the monsoon region and the thermal wind balance is maintained. Over western Eurasia, strong surface sensible heating and longwave radiation cooling in the free atmosphere produce vertical southerly shear, and the UTTM develops on the eastern end of the radiation cooling region. Thus, the UTTM is generated to the west of monsoon convective heating and to the east of radiation cooling.
It is shown that the T-Q Z model developed here is based on the potential vorticity (PV) theory and is different from the original Gill's model. In order to keep consistency of the Gill's model with the PV theory, it is demonstrated that the originally defined "heating rate" Q in the continuity equation of the Gill's model should be replaced by a vorticity forcing which is proportional to the vertical gradient of diabatic heating, i.e., ∂Q/∂z. Furthermore, if the Rayleigh friction and Newtonian cooling in the Gill's model are removed, the system becomes identical to the PV system employed in this study and can be used to study the upper tropospheric dynamics.
Results from numerical sensitivity experiments show that enhancing the convective heating to the east of 90°E along the SAH ridgeline can intensify the SAH and UTTM to its west, and imposing a periodic convective latent heating in this source region can also induce periodic oscillations in the geopotential height, vertical air descent, and temperature to the west with the same frequency and a similar phase. Diagnoses based on the ERA40 reanalysis data also show that at either an interannual or decadal scale, the change and variation of the Asian summer rainfall in the forcing region are significantly correlated with the change and variation of the SAH, UTTM, and vertical motion in the response region to the west. All these results justify our conclusion that the appearance and variation of the summertime upper tropospheric warm center situated over North India can to a large extent be attributed to the strong convective latent heating associated with the Asian monsoon rainfall over the area southeast of the TP and over South China, and also to the longwave radiation cooling over the western Eurasia.
The T-Q Z mechanism identified in this study highlights the inherent structure of the Asian monsoon system and the significant monsoon feedback on the circulation. However, the monsoon system is an open-dissipative system. When its variability is studied, the impacts of external forcing such as that of the ocean, the land-sea thermal contrast, and the thermal forcing of the Iranian Plateau and TP should be taken into account.
The current study focuses on the allocation of the upper tropospheric warm center and the monsoon latent heating along the subtropics without considering the whole structure and configuration of the UTTM. Because the summertime large-scale circulation in the subtropics is a consequence of multiscale forcing-including continental-scale LOSECOD thermal forcing, regional-scale mountain forcing, and local-scale sea-breeze forcing-and because the UTTM is closely tied to the SAH, which links the westerly in the mid-latitudes to the easterly in the tropics, a full understanding of the formation and variation of the UTTM will require great effort and deserves further study. Table 1 Correlation coefficients at the interannual timescale among those variables presented in Fig. 11 : 200-400 hPa mass-weighted temperature (Up_T) in the response region R 1 (70°-90°E, 24°-28°N), 200 hPa geopotential height in R 1 (Hgt_200), precipitation in the forcing source region S* (Pr_east: 90°-120°E, 24°-28°N), and the 200-hPa meridional wind in S* (v_200_East) and in the response region R 2 (v_200_West: 50°-80°E, 24°-28°N)
The 95 and 99 % significance levels are, respectively, 0.51 and 0.64 
